The establishment of the intestinal microbiota is critical for the digestive and immune systems. We studied the early development of the microbiota in horse, a hindgut fermenter, from birth until 7 days of age, by qPCR and 16S rRNA gene amplicon sequencing. To evaluate initial sources of foal microbiota, we characterized dam fecal, vaginal and oral microbiotas. We utilised an amplicon sequence variant (ASV) based pipeline to maximize resolution and reproducibility. Stringent ASV filtering based on prevalence and abundance in samples and controls purged reagent contaminants while preserving intestinal taxa. The newborn rectum contained small amounts of diverse bacterial DNA, with a profile closer to mare feces and vagina than mouth. 24 hours after birth, the intestine was colonized by Firmicutes and Proteobacteria, some foals dominated by a single genus. At day 7, the phylum-level composition resembled adult feces but genera were different. The mare vaginal microbiota contributed to 24 h and 7 day microbiotas. It contained few lactobacilli, with Corynebacterium, Porphyromonas, Campylobacter and Helcococcus as the most abundant genera. In the oral mucosa, Gemella was extremely abundant. Our observations suggest that bacteria or bacterial components translocate to the equine fetus, but the intestinal microbiota changes rapidly after birth.
Introduction
Intestinal microbiota is required for the development and function of the digestive and immune systems.
The first microbes are obtained from the mother early in life [1] [2] [3] . The maternal microbiota affects the development of the intestinal immune system already in the fetal period 4 . This is mediated by circulating microbial metabolites 4 and possibly also by small numbers of microbial cells translocating to the fetus via placenta [5] [6] [7] . The major microbial colonization occurs at birth. Postnatally, the intestinal microbiota goes through a rapid development, with changing bacterial composition, diversity and abundances, before reaching adulthood where the microbiota is relatively stable [8] [9] [10] . Early exposure to a diverse microbiota promotes the maturation of an immune system which effectively protects from infection while tolerating commensal microbes [11] [12] [13] .
Gut microbiota is especially important to herbivores, as they rely on bacterial fermentation to digest plant fibers to volatile fatty acids, which are their major energy source. In horse (Equus ferus caballus), the microbial fermentation occurs in the enlarged hindgut: colon and caecum 14, 15 . These compartments harbor extremely abundant and diverse microbiotas, the compositions of which are critical to the equine health 16 .
Horses are susceptible to gastrointestinal complications induced by dietary changes, antimicrobials and infections, such as colic and colitis 15, 17, 18 .
The foal's first week of life post-partum is considered a critical period, with increased morbidity and mortality in respiratory diseases, enteritis and sepsis [19] [20] [21] . Mild noninfectious "foal heat diarrhea" is common in neonatal foals during the first weeks 19 . It is probably associated with the ongoing microbial colonization of the gut and hypersecretion of the small intestinal mucosa. More serious enteritis and enterocolitis is caused by bacterial or viral infections or mucosal injury 19 . Septicaemia is typically associated with a failure of the transfer of colostral immunoglobulins 22 . Understanding the origins and development of the equine intestinal microbiota at early age may offer insight into the mechanisms of gastrointestinal diseases and offer new solutions for prevention of foal morbidity and mortality 19 . The development of the equine intestinal microbiota has been previously investigated by sequencing [23] [24] [25] . However, these studies did not include meconium samples collected immediately at birth, or did not utilise negative controls recommended in the analysis of low-biomass microbiota samples 26 .
In this study, we aimed to investigate the early development of the foal intestinal microbiota over the first postnatal week, starting at birth. We compared the foal microbiota to the fecal, vaginal and oral microbiotas of their dams. These locations have been regarded as potential initial sources of the early microbiota 9, 27, 28 . We used 16S rRNA gene amplicon sequencing and quantitative PCR to characterize the composition and abundance of the various microbiotas. We utilised a bioinformatics pipeline which has been shown to improve the resolution and reproducibility of amplicon sequencing 29, 30 . This enabled stringent data filtering to efficiently remove potentially contaminating sequences, based on their prevalence and relative abundance in samples and several types of negative controls.
Results

Quantification of 16S rRNA gene copy numbers in foals and negative controls
To estimate the bacterial loads in the foals and negative controls, we analysed the 16S rRNA gene copy numbers using qPCR. In newborn foals, there were on average 7.8 × 10 4 copies (SD = 1.2 × 10 5 ) of 16S rRNA genes per sampling swab ( Fig. 1 ). This was significantly more (P = 0.006) than in the field controls (sampling instrument exposed to farm air + extraction kit; 4.3 × 10 3 copies per swab; SD = 7.6 × 10 2 ). Instrument controls (sampling instrument + extraction kit) contained 3.6 × 10 3 copies per swab (SD = 7.2 × 10 2 ) and notemplate PCR controls 9.7 × 10 2 copies per sample (SD = 3.4 × 10 2 ). Already 24 h after birth, there was a four-log increase in the bacterial load (7.4 × 10 9 copies per swab, SD = 2.3 × 10 10 ). There was a further increase at the sample collected 7 days after birth, to a mean of 4.2 × 10 10 copies (SD = 6.2 × 10 10 ; Fig. 1 ). 
Sequencing controls and decontamination of 16S rRNA amplicon sequencing data
We used a commercial microbial community composition standard to control the entire analytical pipeline from DNA extraction to bioinformatics. The observed composition and abundances matched the expected composition provided by the manufacturer ( Supplementary Fig. 1 ). Staphylococcus aureus, Listeria monocytogenes and Lactobacillus fermentum were correctly classified to species level, with an exception of 16% Staphylococcus reads classified to the genus level. The other bacteria were correctly classified to the genus level.
We utilised several types of negative controls in the 16S rRNA gene sequencing to minimize the risk of false positive observations: PCR controls, DNA extraction controls, instrument controls and field controls 26 .
Stringent filtering of the 16S rRNA gene sequencing data was performed to remove amplicon sequence variants (ASVs) potentially originating from contaminants. The filtering was based on comparison of the prevalence and relative abundance of each ASV in samples and negative controls, as described in the Methods section. On average, the decontamination procedure removed 99.9% (SD = 0.186) of sequence reads from the negative controls, 84.0% (SD = 24.3) from newborn rectal samples, 10.2% (SD = 27.1) from 24 h samples, 4.36% (SD = 3.09) from 7 d samples and 1.98% (SD = 6.50) from the various dam samples (Fig.   2 ). Most of the removed ASVs were classified as Ralstonia, a common reagent contaminant 26 . Across all animal samples, 99.8% of Ralstonia reads were removed. In contrast, for ASVs classified as typical intestinal genera, which are less likely reagent contaminants, only 0.179% of reads were removed across all samples, and 3.89% in the newborn samples (for details, see Supplementary Materials).
FIGURE 2. Accepted and rejected 16S rRNA gene sequence reads and 16S rRNA gene copy numbers per
sample. Accepted reads are indicated as blue. Deleted reads are indicated as yellow-orange, with reads classified as Ralstonia in orange. Seven newborn samples and two 24 h samples were excluded from further analysis due to low quality (red bars). Negative control data processed with the newborn data is shown.
After the data decontamination, seven newborn samples were excluded from further microbiota composition analyses due to small number of accepted reads (< 1500; Fig. 2 ). In two of these, the total DNA concentrations were below Qubit detection limit. This suggests inadequate sampling, as in most cases the samples contain measurable host DNA from the intestinal mucosa. Two 24 h samples were also excluded due to low quality (small number of accepted reads and unusual microbiota composition). Also in these cases, the total DNA concentration was low or undetectable.
An overview of the raw and decontaminated data is shown in Table 1 . All further analyses were performed using the decontaminated data. 
Characterization of the newborn foal rectal microbiota
The newborn rectal microbiota consisted primarily of Proteobacteria, Firmicutes, Actinobacteria and Bacteroidetes ( Fig. 3 and Table 2 ). The most prevalent bacterial genera in newborns are shown in The microbial diversity in newborn rectal samples was relatively high ( Table 2 and Fig. 4 ). The Shannon diversity index was significantly different between foal rectal samples collected at different time points ( 2 = 19.7, df = 2, P = 5.2 × 10 -5 ), and significantly higher in newborns compared to 24 h foals (P = 0.00024). 
Postnatal development of the foal rectal microbiota
The rectal microbiota samples collected 24 hours after birth were dominated by the genus Escherichia/Shigella and various typical intestinal Firmicutes, especially Clostridium sp. ( Fig. 3 and Supplementary Table 2 ). Members of the Bacteroides genus were also already detected in most of the foals at this time point. In two animals, the rectal microbiota consisted almost completely of a single genus: in one of Escherichia/Shigella and in the other of Streptococcus, with a 100% sequence match to the species S. equinus. The microbial diversity in the 24 h rectum was significantly lower than in the newborns ( Table 2 and Fig. 4 ).
One week after birth, the phylum-level composition of the microbiota was already typical to adult feces ( Fig. 3 and Table 2 ). Firmicutes was the most abundant phylum, while Proteobacteria were replaced with Bacteroidetes and Fusobacteria. Bacteroides was the most abundant genus. Fusobacterium, Tyzzerella, Streptococcus and Lactobacillus were also observed in all foals, and their mean relative abundance was > 5%. Akkermansia was detected in a majority of animals. The microbial diversity had increased in comparison to the 24 h samples (P = 0.0016) but was still clearly below the diversity of adult feces ( Fig. 4 ).
Mare fecal, vaginal and oral microbiota
The highly diverse mare fecal microbiota ( Table 2 and Fig. 4 ) consisted mostly of Firmicutes and Bacteroidetes, accompanied by single genera of Kiritimatiellaeota, Spirochaetes (Treponema) and
Fibrobacteres with mean relative abundances of 2-4% ( Fig. 3 and Supplementary Table 4 ). At the genus level, unclassified Lachnospiraceae, Rikenellaceae RC9 gut group and several genera of Ruminococcaceae were most abundant (4-8% mean relative abundance).
In mare vagina, five major phyla were present in relatively equal ratios ( Fig. 3 ). At genus level ( Supplementary Table 5 ), the vaginal microbiota was much less diverse than the fecal microbiota ( Table 2 and Fig. 4 ), but there were major differences between individual animals. The Firmicutes were primarily represented by six genera: Helcococcus, Streptococcus, Peptoniphilus, Globicatella, Peptostreptococcus, and Murdochiella (mean relative abundances 1-9%). In two mares, Aneorococcus was highly abundant (12% and 21%). Bacteroidetes consisted mostly of the Porphyromonas genus (with relative abundance varying between 0.01% and 37%), Actinobacteria of Corynebacterium (0.6-49%) and Epsilonbacteraeota of the more equally abundant Campylobacter.
The mare oral microbiota was strongly dominated by a single genus, Gemella from the Firmicutes phylum, which was very abundant in all animals (mean relative abundance 74%; Fig. 3 and Supplementary Table 6 ).
The genera Streptococcus, Moraxella, Enterococcus and unclassified Pasteurellaceae were also detected in all mares, but their relative abundances varied between animals.
Comparison of foal and mare microbiota compositions
We examined the differences between newborn and mare microbiotas by using principal coordinates analysis (PCoA) of unweighted Unifrac distances ( Fig. 5a ). All four sample types clustered separately (P = 0.001), indicating that their microbial profiles were significantly different. The newborns clustered closest to the mare vaginal microbiota. In order to compare the overall microbiota compositions in the newborns and specifically to the fecal, vaginal and oral microbiotas of their own dams, we also calculated Spearman rank correlations between these. Correlation coefficients (ρ) for all three comparisons between the newborn and mare microbiotas were between -0.002 and 0.009 (not significant).
To investigate potential similarities in the microbiotas of newborns and their own dams, we also calculated the percentages of newborn ASVs that were detected in the dam microbiotas. An individual newborn foal shared an average of 8.7% (SD = 6.9) of its ASVs with the feces of its own dam, 3.9% (SD = 3.7) with dam vagina and 0.23% (SD = 0.33) with dam mouth. These proportions of shared ASVs were significantly different (N = 8,  2 = 9.9, df = 2, P = 0.0073). Newborns shared significantly more ASVs with dam feces than with dam mouth (P = 0.011). The sharing with dam vagina was not significantly different from sharing with the other microbiotas.
A Venn diagram of ASVs detected in newborns and mares as groups is shown in Fig. 5b The 7-day rectal microbiota still clustered separately from all mare microbiotas (not shown), with no significant correlations between different mare microbiotas. However, the phylum-level composition resembled the adult fecal microbiota ( Fig. 3 and Table 2 ), although some of the adult phyla were still not detected in all or most foals (Kiritimatiellaeota, Spirochaetes, Fibrobacteres and several low-abundance phyla such as Patescibacteria, Lentisphaerae and Cyanobacteria). At family level, the day 7 microbiota clustered close to the adult fecal microbiota in PCoA ( Supplementary Fig. 4 ). 
The change of rectal microbiota composition over time
The fecal microbiota of all four age groups (newborns, 24 h foals, 7 d foals and adult mares) clustered separately from each other in PCoA (Fig. 6a) , indicating that the microbiota compositions were significantly different (P = 0.001).
The newborn rectal samples grouped closest to the 24 h fecal samples in PCoA. However, no significant correlation was observed between newborns and the same foals at 24 h (N = 6, average ρ = 0.03, SD = 0.04, P = 1), confirming that the overall microbiota compositions were different. An average of 2.9% (SD = 4.1) of newborn ASVs was detected at 24 hours in the same foal. A Venn diagram of ASVs observed in each age group is shown in Fig. 6b . The ASVs shared between newborns and 24 h foals as groups were classified to the genera Escherichia/Shigella, Epulopiscium, Fusobacterium, Streptococcus and Butyricicoccus.
A significant correlation was observed between the 24 h foals and the same foals at day 7 (N = 12, average ρ = 0.21, SD = 0.11, P = 0.001). Of the ASVs observed at 24 hours, an average of 31% (SD = 12) was detected in the same foals at day 7. The most common of these included ASVs classified to the genera Tyzzerella 4, Faecalitalea, Clostridium sensu stricto 1, Fournierella and Erysipelatoclostridium.
The phyla Actinobacteria and Verrucomicrobiota were not yet detected in most foals at 24 h, although they were present in all or most of them at day 7. Of the relatively common ASVs, only one classified as
Streptococcus equinus was found in the rectal microbiota at all ages, from newborns to adults.
A B Table 1 .
Discussion
In this study, we observed the early development of the equine intestinal microbiota over the first week of postnatal life, starting from the moment of birth. In order to determine the potential origins of the foal microbiota, we characterized the vaginal and oral mucosal microbiota of the mares, which have not been previously investigated by sequencing, as well as the mare fecal microbiota.
In order to maximize the reliability of the microbiota analyses, we applied several types of negative controls and performed a stringent filtering of the sequencing data to remove potential contaminants. Our data decontamination protocol was based on a previously published logic, comparing the prevalence and relative abundance of each taxon in samples and negative controls 27, 31, 32 . We performed filtering on the amplicon sequence variants (ASVs), which provides maximum resolution of the 16S rRNA gene sequencing data 29, 30 . This is important, as filtering at a too coarse taxonomic level causes false negatives by deleting related but different taxa observed in samples and controls. We set stringent criteria for ASV acceptance to minimize false positive observations. Experimenting with varying filtering thresholds had little effect to the proportion of discarded ASVs, indicating that this did not cause a large number of false negatives. ASVs classified as typical intestinal genera, which are unlikely reagent contaminants were well preserved, while known reagent contaminants such as Ralstonia were efficiently removed. The abundance of likely contaminants in the unfiltered raw data underlines the importance of careful controls and data decontamination in the analysis of sensitive microbiota samples.
In majority of the newborn foals, the rectum contained a small amount of bacterial DNA, which was detectable with quantitative PCR and distinguishable from negative controls by sequencing. Bacterial DNA was also detected in a recently published study of foal meconium, but the protocol did not include negative controls or quantification, which are necessary for reliable analyses of low-abundance microbiotas 24 .
Almost all of the Firmicutes genera observed in our newborns, as well as the most prevalent genera of other phyla, represented typical mucosal taxa and were shared with the core vaginal and/or fecal microbiota of the mares. Several of these genera were reported in the previous analysis of newborn foal microbiota and many were also observed by us in newborn calf rectum 24, 27 . The prevalent ASVs with species-level classification by our analysis pipeline showed sequence matches to equine-associated species.
These observations indicate that the rectum in these foals indeed harboured bacterial DNA already at the moment of birth. These probably represent the late fetal status, as rectal colonization during the equine parturition is unlikely. The foals were sampled immediately after birth and the outer chorioallantoic membrane typically ruptures only 10-30 minutes before the foal is born. The inner amniotic membrane covers the newborn completely or at least from neck to rump.
Previous studies in bovine calves 27 , mice 28 and humans 33, 34 have suggested that the fetus may be seeded with microbes from the mouth or proximal digestive tract of the mother. In our newborn foals, the rectal microbiota was more similar to the dam vaginal and fecal microbiotas than to the dam oral microbiota. This may reflect species differences in the digestive physiology. In ruminants, the forestomach harbours the microbiota essential for forage fermentation; in horses, it resides in the large intestine. Of all the ASVs detected in any newborn, 62% were not detected in any of the three mare microbiotas analysed, suggesting that they originated from other sources. Within the digestive tract, small intestine, colon and caecum are more likely sources for transplacental microbial translocation than rectum, as the luminal microbiota is sampled by the immune system in these locations 35 .
At 24 hours, the rectal microbiota contained a large proportion of Escherichia/Shigella, as previously observed in calves 27 . In contrast to 24 hour old calves, most foals were already also colonized by At day 7, more than 30% of ASVs observed in the same foal at 24 hours were still detectable, but the overall composition was markedly different. At the phylum level, the day 7 rectal microbiota was already very similar to the adult mares, and clustered close to the adults also at the family level. However, the core genera were largely distinct, and only 3% of ASVs in the day 7 rectum were detectable in the feces of the foal's own dam. Only an ASV classified as Streptococcus equinus was common in the rectum at all ages.
Foals typically eat their dam's manure 40 Vagina was recently reported as a source of physiologically important rumen microbes in calves 9 .
We could trace 28-29% of all ASVs observed in 24 h and 7 d foals to the three mare microbiotas analysed.
These shared ASVs comprised 38-48% of sequence reads in the foals. This suggests that the foals obtained a majority of their microbiota from other sources. Some of the foal microbes could be present at undetectably low relative abundances in the mare samples, even though we performed relatively deep sequencing. Milk and dam skin microbiotas are obvious contributors which we did not analyse. In the previous study by Quercia et al. 24 , the foal intestinal microbiota at 0-3 days after birth was found to resemble the dam milk microbiota.
In our mares, the composition of the fecal microbiota was largely similar to that recently reported for pregnant horses 23 . The relative abundances of the Lachnospiraceae and Rumonicoccaceae families and the order Bacteroidales were similar, but in our mares, Prevotellaceae were much more abundant and various Clostridiales less abundant. In contrast, the fecal microbiota composition in non-pregnant horses was different even at the phylum level: fecal Firmicutes were less abundant and Bacteroidetes more abundant 41, 42 . This may be due to the supplemented feed of pregnant mares, or other effects of pregnancy.
Kirimatiellaeota were not previously reported in equine feces, probably because this novel phylum was not included in the taxonomical databases used in those studies. The most abundant streptococci (classified as sp. 27284-01) in mare feces were different from the dominant species in the vaginal and foal rectal microbiotas.
To our knowledge, the healthy vaginal microbiota of pregnant mares has not been previously characterized.
Compared to cows, the vaginal microbiota in our mares was more distinct from the fecal microbiota, as the mare vagina is typically less contaminated with feces 27 . Corynebacterium, Porphyromonas, Helcococcus and
Campylobacter were the most abundant genera. Most of these have been previously observed in the bovine vaginal microbiota, where the abundance of Helcococcus is associated with metritis 43, 44 .
Interindividual differences were greater for the vaginal than the fecal microbiota. In contrast to humans, very few lactobacilli were detected in the mare vagina, as observed previously in a culture based study 45 .
This is probably associated with the higher pH of the mare vagina.
The microbiota of the oral vestibular mucosa in horses has also not been previously investigated. In our mares, the phylum-level composition was more similar to human buccal microbiota than to bovine oral microbiota, which is affected by rumination 46, 47 . However, Bacteroidetes were less abundant in the horses than in the human. At the genus level, the mare oral microbiota was strongly dominated by Gemella, whereas in human mouth streptococci are typically most abundant. Pasteurellaceae, Neisseria and
Porphyromonas are found in both species. Gemella and the less frequently observed Actinobacillus have previously been associated with good dental health in equine subgingival samples 48 .
In conclusion, bacterial DNA was detected in the foal intestine at birth, suggesting it was present already prenatally. The microbial profile at birth was closer to mare vaginal and fecal microbiota than mare oral microbiota. The rectal microbiota changed rapidly. At one week of age, the phylum-level composition already resembled adult fecal microbiota, but the bacterial genera were different. The impact of the mare vaginal microbiota was still detectable at day 7. The pregnant mare fecal microbiota was different from previously studied nonpregnant horses, due to feeding or other effects of pregnancy. The mare vagina contained few lactobacilli, and the oral mucosal microbiota was dominated by Gemella rather than streptococci. All foals were assessed clinically healthy by a veterinarian and received colostrum within first 1.5 hours. The concentration of blood IgG was measured using a quantitative immunoassay when the foals were 24 -36 hours old. All foals had adequate IgG concentrations.
Methods
Animals and sample collection
Sample collection was performed by the same veterinarian for all the animals. Foal samples were collected from within the rectum (5-10 cm from anus) using sterile double sheathed Minitube uterine culture swabs (Minitüb, Germany) while wearing sterile gloves, as described previously 27 . Newborn samples were collected within 10 minutes after birth. Mares were not allowed to lick the foals before sample collection.
The foal sampling was repeated 24 h after birth and 7 d after birth. Field controls were collected by exposing Minitube swabs to air in the sampling environment. Mare samples were collected before foaling with sterile cotton sticks from feces (from the inside of fecal balls retrieved from rectum), labial part of the lower vestibulum oris (behind the lower lip) and ventral side of the vaginal vestibulum before foaling.
Samples were kept at -25 °C for a short period of time, before storing at -80 °C.
The experimental protocols were reviewed and approved by the University of Helsinki Viikki Campus
Research Ethics Committee. The sampling was carried out in accordance with animal welfare guidelines and regulations. 
DNA extraction
Quantitative PCR
The absolute 16S rRNA gene copy numbers in the DNA extracted from the foal rectal samples and the controls was determined using quantitative PCR as described previously 27, 49 and in Supplementary Methods. Universal eubacteria probe and primers were used in the amplification.
Library preparation and 16S rRNA gene amplicon sequencing
The hypervariable region V3-V4 of 16S rRNA gene was sequenced using the Illumina MiSeq platform in the DNA core facility of University of Helsinki, as described previously 50 
Bioinformatics
The detailed bioinformatics pipeline is reported in the Supplementary Methods. Briefly, remaining primer and spacer sequences were first removed with Cutadapt v.1.10 51 . The paired reads were imported into QIIME2 v2018.8 52 . The sequences were truncated to remove low quality regions. The DADA2 pipeline plugin in QIIME2 was used to model and recognize the amplicon sequencing errors in the Illumina sequencing data and to infer the exact sample sequences 30 . This resulted in an amplicon sequence variant (ASV) table. For the taxonomic analysis, curated taxonomy was extracted from the SILVA v132 QIIME release 97% database and a naïve Bayes classifier was trained based on it 53 . The classification was completed with the q2-feature-classifier plugin using scikit-learn 54 .
ASVs that could not be assigned a taxonomic classification based on the SILVA database, unclassified bacteria (mostly mitochondrial sequences), chloroplasts and the ASVs which were detected less than 10 times in the entire dataset were removed. The data was then filtered to remove ASVs which represented probable contaminants. An ASV was removed if its prevalence in actual samples was ≤ 2× its prevalence in instrument controls or its prevalence in field controls, or if its mean relative abundance in actual samples was ≤ 10× its mean abundance in instrument controls or its mean abundance in field controls. The filtering was performed for each sample group separately.
Statistics
Mann-Whitney U test was used to assess the statistical significance of the difference between qPCR measurements in newborns and field controls using IBM SPSS Statistics 23.Shannon diversity indices were calculated for ASV data with the R package phyloseq 55 
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